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We present an approach for designing nanostructured surfaces with prescribed visual appearances, starting
at design analysis and ending with a fabricated sample. The method is applied to a silicon wafer structured
using deep ultraviolet lithography and dry etching and includes preliminary design followed by numerical
and experimental verification. The approach comprises verifying all design and fabrication steps required to
produce a desired appearance. We expect that the procedure in the future will yield structurally colored
surfaces with appealing prescribed visual appearances. © 2015 Optical Society of America
OCIS codes: (330.1690) Color; (050.1960) Diffraction theory; (240.6700) Surfaces; (290.0290) Scattering; (330.7326) Visual optics,
modeling.
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1. INTRODUCTION
Advances in nanotechnology are improving possibilities for de-
signing structural colors. Recently, a range of techniques for cre-
ating synthetic structurally colored systems have been reported
in the literature. The methods each utilize a very different pro-
duction technique, ranging from self-assembly [1–4] to depo-
sition, growth, embossing, and etching techniques [5–14]. The
nanofabrication methods are often highly inventive with differ-
ent limitations on geometries and materials and, thus, also on
obtainable colors and angle dependence. The governing effects
for color control are (layered) interference effects possibly com-
bined with randomization [1,5,7–9,11,12,14], structural (par-
ticle) scattering [2–4,6], and surface plasmon effects [10,13].
The approaches mentioned—which by no means provide an
exhaustive list—all have their limitations due to manufactur-
ability, such as good color selectivity but little control of angular
reflection, or expensive fabrication and/or design procedures.
We therefore find that there is still room to discover methods
that are reproducible on an industrial scale, cheap, applicable to
different surface types and curvatures, and environmentally
friendly, and exhibit controlled tunability.
Another important point is that all approaches considering
surface coloration [1,3–6,8,10,13,14] except two [7,12] base
their color selectivity and/or angular dependence on adding
new materials to the surface. The two exceptions both have
interference-like reflections, not smooth angular variations in
color. Exploring the possibilities of surface manipulation tech-
niques without addition of secondary materials to obtain a
smooth, appealing color effect is one method to address many
of the issues above.
In this paper we report results of our initial studies toward
producing structural colors. We will address all the issues
above, except tunability, by considering large batch manufac-
turable (preferably injection moldable) structured surfaces.
The design freedom is currently limited by manufacturing con-
straints and tolerances for the choice of production processes.
Despite this we are able to demonstrate here how to navigate
the design and manufacturing process from specifications to a
fabricated surface. We see this as a valuable step toward
widespread use of structural color design in an industrial
setting.
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2. DESIGN APPROACH OUTLINE
The goal, when designing a system to exhibit structural colors,
is to identify a structure with a desired visual response; see
Fig. 1(a). The design of submicrometer features on a surface
that extends millimeters or more is an overwhelming task. For
this reason, if no systematic approach is used, the problem has
to be divided into manageable components. An obvious choice
that makes the computational task of predicting color reflec-
tion more accessible is to assume a form of structure that is
repeated across the surface, such as is shown in Fig. 1(b). A
regular structure with a fixed period is unfit for our purpose
due to interference effects [15]. To avoid this we introduce
height randomization in these repeated units [15,16]. The
dominant effect of such an approach can be approximated ana-
lytically [15] and verified numerically before fabrication. This
approach is represented in Fig. 1(c).
Using this technique means that the design challenge is bro-
ken down into two (decoupled) components: the design of a
unit structure and the design of its randomization. In earlier
works [15,17] we have shown how to design such unit struc-
tures for various 2D design goals, and we have also described
how to incorporate the effect of randomization [15]. Produc-
tion of such samples is challenging, and to test this approach a
sample is fabricated using deep ultraviolet lithography (DUV)
and dry etching. This will be described in Section 5. This
means that only three levels of height can be used in designing
the structure and its randomization, meaning that the final
design will appear as shown in Fig. 1(d). A flow chart of this
general design procedure applied to our study is depicted
in Fig. 2.
The following four sections describe the individual design
steps in Fig. 2.
Fig. 1. (a) A general structural color problem: find a design that gives a
prescribed reflection—e.g., a blue distribution—for incoming white light.
(b) Due to many orders of magnitude difference in the analysis (ranging
from a centimeter-sized surface to submicrometer electromagnetic waves)
the analysis has to be divided into subparts, which is done here by assum-
ing periodic repetition of the same structure. (c) Since a pure periodic
structure gives rise to unwanted diffraction effects, this has to be avoided
by also designing a way of “randomizing” the unit structure—here it is
done by height translations. (d) To verify the approach in (a)–(c), a test
structure is produced to see how measurements fit analysis.
Fig. 2. Design workflow used to create a structurally colored surface—
in this case by using DUV and dry etching. (a) First a unit structure is
defined and analyzed, while (b) at the same time the effect of the scaled
array factor (SAF) is calculated and taken into account. (c) This design is
then verified using a full FEM model, (d) which then gives the dimen-
sions from which to produce a sample. (e) Last, the result is verified.
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3. STEP 1: STRUCTURE DESIGN
Our previous works [15,17–19] focused on how to model and
design dielectric structures for prescribed color responses in a
systematic way. In this paper we focus on the sample produc-
tion and verification steps and have therefore chosen to use a
50% duty cycle (half-pitch) line grating with a height of
215 nm as the unit structure for our structurally colored sur-
face. This structure can be produced using traditional methods
and equipment at our disposal. The choice of height gives sev-
eral distinct specular reflection peaks and dips in the visible
spectrum. In particular, simulations will show that both a
strong dip and peak exist below a wavelength of 500 nm, thus
making it possible to investigate how well energy either can be
kept in—or transferred from—specular reflection due to over-
laid randomization. Since line gratings are invariant in depth, it
means that if we chose a randomization with the same invari-
ance properties, the reflection of light will be confined to a
plane, making experimental measurements more straightfor-
ward. A duty cycle of 50% also gives the largest color contrast
with respect to specular reflection {[19], Fig. 7(a)}. A binary
random pattern with a height of 150 nm is chosen for the ran-
domization, which maximizes scattering around 600 nm [15].
The unit structure period is chosen to be 500 nm so that
shorter visible wavelengths will diffract and larger visible wave-
lengths will not, for normal incidence. This makes it possible
to capture different types of behavior in one measurement at
normal incidence. It also complies with the choice of line gra-
ting height, since light from the strong dip and peak will be
diffracted.
To predict the reflection, a one unit structure was simulated
for unpolarized light (power average of Ez , Hz) using the
finite-element-method (FEM) with periodic boundary condi-
tions as described in earlier work [17], and afterward postpro-
cessed by incorporating the random effect as described in [19].
The optical properties of silicon were taken from the literature
[20]. This means that the scattered unit far-field radiance Lu
was calculated first and was subsequently multiplied by what
we called the scaled array factor (SAF) [19]. The total radiance
L can be described as
L  Lu
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where θ is the reflection angle, i is the imaginary unit, lx is the
length of one period, Δzmn is a uniform random number taking
on either 0 or 150 nm, and N andM are loosely connected to
the coherence of the incoming light [16,19]. The resulting re-
flection of the unit structure is shown in Fig. 6(a) and the SAF
is shown in Fig. 6(b). By multiplying the results they produce
the total radiance shown in Fig. 6(c).
4. STEP 2: DESIGN VERIFICATION
The approximation described in Step 1 provides an efficient
route for analysis, which is often needed in the design phase.
To verify the approximation of the final design, full FEM
simulations were used (with the same number of averages
and choices of Δzmn ). The result is presented in Fig. 6(d)
and takes several days to generate on an eight core machine,
since each model contains 5 · 105 elements and an average of
approximately M  100 models is needed for a meaningful
response. This is why a full simulation is not feasible for
the design phase.
The overall behavior is seen to be similar to the behavior of
the approximate model. The most notable differences are
that the very low intensity areas and reflection minima are less
pronounced, the peak intensities are in general lower, and the
first-order diffraction modes seems to have shifted in intensity.
We expect even better fits for structures with smoother angular
reflection spectra.
5. STEP 3: SAMPLE PRODUCTION
The sample was produced on a single-side-polished 100 mm
diameter silicon wafer with a thickness of 525 μm. A sketch of
the process steps is presented in Fig. 2(d). The optimal DUV
dose for the resist (JSR-M230Y from JSR Micro, 350 nm
thickness) exposure of the underlying periodic grating was
found to be 220 J∕m2 to ensure a 50% duty cycle after pattern
transfer into silicon by advanced silicon etching (STS MESC
Multiplex ICP Advanced Silicon Etcher). The second DUV
exposure was performed in JSR-M35G resist (from JSR
Micro), thickness 750 nm, at a DUV dose of 320 J∕m2 to
ensure complete coverage of the periodic grating. The design
of the DUV reticle did not incorporate dose compensation, so
we aimed for maximum pattern replication fidelity of struc-
tures with the smallest line width (i.e., 500 nm). The dry etch-
ing of the random grating was performed using an inductive
coupled plasma etch (SPTS ICP Metal Etcher) to ensure high
precision in the etch depth. Afterward the sample wafer was
cleaned using oxygen plasma and Piranha solution.
6. STEP 4: SAMPLE VERIFICATION
A. Geometry Inspection
The geometry of the produced sample was inspected using scan-
ning electron microscopy (SEM) and atomic force microscopy
(AFM). A selection of SEM images is presented in Fig. 3:
Fig. 3(a) shows one corner of the sample, and it is possible
to see themisalignment between the two reticles that were used.
The misalignment is almost purely translational, with less than
10−3 degrees of rotation with respect to each other. This means
that the two patterns are experiencing a shift of around 50 nm
per centimeter. Since our samples are 1 cm × 1 cm, no gradual
color change was observed due to this effect. Misalignment is
expected to affect reflection properties for this test geometry
over larger areas. See Media 1 for a representation of the effect
of misalignment. At the same time we do not believe that the
effect will be observable under normal lighting conditions—in
particular for a geometry optimized for an appealing color effect,
where the randomization will be in 2D [5]. Figure 3(b) shows
that the period of the grating is approximately 505 nm, and the
trenches are measured to be around 243 nm. Figure 3(b) also
shows that the difference between the trenches that have been
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etched farther down by the randomization process and those
that have not, is small. Figure 3(c) shows a more distinct
difference from the predicted design, namely, the width of
the trenches of the random overlay has been etched wider than
planned (∼30 nm on each side in the area without the under-
lying grating). These trenches can also be seen to widen even
further when etched on top of the line grating (up to ∼60 nm
on each side). Since the nonetched parts are smaller, the repeti-
tion length of the randomization unit is maintained.
The surface profile of the structure is shown in Fig. 4. From
several images similar to this, we conclude that the underlying
periodic line grating had been etched 215 nm into the Si sub-
strate, and that performing the extra etching of the randomiza-
tion reticle only slightly influences the line grating heights. The
etch depth of the random grating is approximately 150 nm.
(a)
(b)
(c)
Fig. 3. SEM images of the produced structural color sample. (a) The
structure overview shows the unit half-pitch grating with the random
grating visible inside the half-pitch grating as undulations to the other-
wise regular pattern. (b) Close-up of the unit grating structure at the edge
of the random structure showing a step height change. The lateral dimen-
sions of the unit grating does not change between steps. (c) Close-up of
the random grating. The random grating is indeed random in its lateral
dimension.
Fig. 4. Surface profile of the silicon structure extracted from AFM
measurements.
Fig. 5. Setup for reflectance characterization of the produced sample.
The sample (or calibration reference) is lit by a focused white-light source
from a 1000 μm fiber and collected by a 200 μm fiber connected to a
USB2000 Ocean Optics spectrometer.
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Spectrum roloCnoitceflerralucepS
(a)
(b)
(c)
(d)
(e)
Fig. 6. Results of each design step in obtaining a structurally colored surface: (a) the response of the chosen unit structure and (b) the influence of
randomization (SAF). (c) The product of these two then yields an approximate response. (d) A full wave FEM simulation verifies the result before
production, and (e) measurements on a produced sample are compared with the predicted result. All spectra are given in radiance (which here means
intensity divided by cosine to the angle of reflection). All simulated data has been Gaussian blurred using an image filter as a simple way of incorporating
the effect of the finite-sized detector in the measurement setup. Note that some values in the contour plot are cropped in order to get a better color
representation.
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B. Optical Verification
The sample reflectance was characterized by focusing an un-
polarized white-light source through a fiber almost normal to
its surface (tilted only enough to avoid incident light being
reflected back into the source) and then scanning a 200 μm
optical fiber in the plane of reflection; see Fig. 5. The method
used is described in detail elsewhere [21].
The small deviation from normal incidence means that the
reflection plane due to invariance is slightly curved [22], but by
visual inspection it was confirmed that the reflection plane was
covered by the detecting fiber. It might have contributed to a
decrease in intensity for larger angles. The result of the mea-
surement is presented in Fig. 6(e). The angular resolution
when recording the measurements was 2 deg, and the spectral
resolution was better than 0.5 nm. For large angles, the re-
ceived intensity was low, and the signal-to-noise ratio therefore
worse than for small angles.
7. RESULTS ANALYSIS
Many of the observed features on the contour plots in Fig. 6
can be described from the combination of the unit structure
and the SAF approximation—that is, either they come from
the choice of unit structure or choice of randomization.
Figure 7 shows an annotated version of the FEM response
and this can be used to provide further understanding on
how to interpret the observed reflection data. First of all, it
is noticed how the decrease in specular intensity around
450 nm is due to the choice of unit structure [see Figs. 6(a)
and 7], whereas the specular roll-off at longer wavelength is
caused by the SAF [see Fig. 6(b)]. In the first-order grating
mode, we see several intensity dips, which all can be ascribed
either to unit structure or SAF (see Fig. 7). Another set of dis-
tinct features in the numerical verification is the group of lines
that correspond to higher order grating modes (multiples of
500 nm). These are caused by the randomization pattern
[Figs. 7 and 6(b)] and will be referred to as superperiod modes
in the rest of this text. These superperiods are better quenched
in the approximation than the verification. This is probably
due to the periodic boundary conditions assumed when sim-
ulating one unit compared to the disturbed periodicity in the
full simulation, making the destructive interference condition
less ideal. A final important feature is the control of intensity
distribution, which to a large extent is mediated by the unit cell
structure [Figs. 6(a) and 7]. This arises because there is a weak
wavelength dependence for the spread in intensity of the SAF
at longer wavelengths [Fig. 6(b)].
Comparing the measurement results in Fig. 6(e) and
Figs. 6(c) and 6(d), we see that a fit between experimental data
from the fabricated sample and reflection data arising from the
FEM model is generally very good. We notice several features
indicating this fit. First, the grating modes from superperiods
are still visible, albeit at much lower intensity; this is probably
due to the general smoothing effect observed in the measure-
ments. Second, the spectral intensity profile of the first-order
grating mode is similar to that observed in the model. Some
features indicating a clear difference between experimental data
and the model are also present: the broad scattering around the
specular direction for larger wavelengths is much less pro-
nounced in the experimental data; the amount of scattered in-
tensity around the specular direction for lower wavelengths is
much more pronounced in the experimental data than in the
model. Since the sample geometry is of high precision, we be-
lieve that the difference between model and measurements is
caused primarily by nanometer-sized height variations in the
sample. This decreases the flawless interference effects present
in the simulation. This can also explain why, for example, the
intensity minima in specular reflection are much less pro-
nounced in the model compared to the measurements.
8. CONCLUSIONS
We have presented a method for fabricating surface structures
that leads to a target structural color performance. The meth-
ods consist of several steps: a unit design phase, a randomiza-
tion design phase, verification, and production. This enables
the fabrication of a structurally colored surface by the workflow
shown in Fig. 2. Despite some open questions, a general match
between modeling and experiment was observed, verifying the
overall design approach. In earlier work some of the design
steps have been discussed in detail [15,17,19], and this should
enable more advanced designs featuring more complex and ap-
pealing visual appearances. In the future these would be based
on more complex structures—especially by extending the ap-
proach to 3D.
We believe that this approach makes it possible to explore
the design space for different manufacturing technologies and
materials. A long-term goal is to be able to create cheap, mass-
manufacturable, environmentally friendly structurally colored
surfaces based on polymer materials and mass-production tech-
niques like hot embossing and injection molding. The low re-
fractive index of these materials might limit total reflection
compared to silicon but the technology is still relevant for ap-
plications like text, color symbols, security logos, and decora-
tive purposes.
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